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We study the leading-twist unpolarized generalized parton distributions (GPDs) of light and heavy
vector mesons, i.e., the p, J/yw, and Y, at zero skewness. An ansatz incorporating the zero-mode
contribution is introduced to modify the light front overlap representation of GPDs. The leading Fock-state
light front wave functions of vector mesons from Dyson-Schwinger and Bethe-Salpeter equations approach
are then employed to study the meson GPDs. The light front spatial distribution of valence quarks within
vector mesons is then studied with the impact parameter dependent GPD. We also investigate the
electromagnetic and gravitational form factors, which are the first and second Mellin moments of the
GPDs. The light-cone mass radius of p is determined to be 0.30 fm, close to a recent Nambu-Jona-Lasinio
model prediction of 0.32 fm. For J/y and Y, they are predicted to be 0.151 fm and 0.089 fm respectively.
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I. INTRODUCTION

The generalized parton distribution functions (GPDs)
extend the I-dimensional collinear parton distribution
functions (PDFs) to the three-dimensional case, thus
allowing a femtoscale tomography of the hadrons and
nuclei [1-4]. Meanwhile, it builds a direct connection
between hadrons’ electromagnetic and mechanical proper-
ties with their partonic substructure [5-9]. Experimentally,
the GPDs are accessible in various hard exclusive proc-
esses, such as deeply virtual Compton scattering, deeply
virtual meson production, and timelike Compton scattering
[1,2,10,11]. Interest from both theory and experimental
sides thus motivates next generation facilities as the
electron-ion colliders [12—14].

Although great interest resides in spin-0 and spin-1/2
targets, the general formalism of unpolarized and polarized
GPDs of a spin-1 target was investigated for the case of
deuteron [15,16], followed by various model calculations
[16-19]. Meanwhile, the GPDs of vector mesons were
studied by various light front quark models [20-23] and the
Nambu—Jona-Lasinio (NJL) model [24]. In recent years,
with the growing interest in gravitational form factors, the
GPDs of vector mesons, whose second Mellin moments
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yield the gravitational form factors (GFFs), provide an
important handle to study the mechanical properties of
vector mesons [25,26]. The p GPDs are also connected with
the generalized distribution amplitudes (GDAs), with the
latter being the analytic continuation of GPDs to the
crossed channel [5,27,28]. Experimentally the information
of GDAs is accessible in the exclusive process yy* —
pp [29,30].

In this paper, we present a model calculation of the
unpolarized GPDs of vector mesons through a synergy
between the Dyson-Schwinger and Bethe-Salpeter equa-
tions (DS-BSEs) and the light front approaches. The DS-
BSE approach has a long history of successfully predicting
various meson and baryon properties [31-36]. Regarding
the vector mesons, the p mass and decay constant were first
predicted with the Maris-Tandy model in [37], and then a
fully rainbow-ladder calculation on electromagnetic form
factors (EMFFs) of p and J/y in the instant space-time
form was given in [38,39]. It is certainly desirable to
generalize such a calculation to the case of GPDs. However,
difficulties can be expected when a realistic propagator and
vertices are to be employed, e.g., how to implement the
dressing effect in the quark-photon vertex and control
potential numerical noise in computation. Here we circum-
vent such problems for now and resort to the light front
overlap representation, but use the Bethe-Salpeter equa-
tions (BSEs)-based leading Fock-state light front wave
functions (LF-LFWFs) as input [40,41]. In this regard, the
nonperturbative dynamical information of vector mesons is
conveyed from DS-BSEs to the GPDs. So this work
presents an initial effort from DS-BSEs toward the vector

Published by the American Physical Society
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meson GPDs. Moreover, as the light and heavy vector
mesons can be simultaneously studied with the same
truncation scheme in the DS-BSEs formalism, it also
provides a good opportunity to see how the GPDs evolve
as the current mass of the valence quark increases.
Physically, this is accompanied by the diminishing of
dynamical chiral symmetry breaking, as well as the
relativistic parton motion inside the mesons.

This paper is organized as follows. In Sec. II we
recapitulate the general formalism of vector meson GPDs
and their overlap representation, and also the BSEs-based
LE-LFWFs of vector mesons. To incorporate the zero-mode
contribution, a revised ansatz of GPD overlap representation
is proposed. In Sec. III, we first show three-dimensional
distribution with the help of impact parameter dependent
generalized parton distributions (IPD GPDs). The electro-
magnetic form factors and multipole moments, as well as
certain gravitational form factors and light-cone mass radius
are then given. We finally summarize in Sec. I'V.

II. UNPOLARIZED GPDs OF VECTOR MESON

In the light-cone gauge, the unpolarized quark GPDs of
spin-1 hadrons are defined through the correlation function

Vaax.é.1)

— dz” iXxPTz™ [ ! AT, N\ (2
—/4”6 (P Ny =5 )rivi5

Here the p and p’ are the four-momentum of incoming and
outgoing hadrons, with A and A’ =0, £1 denoting their
helicity. The light front vector definition takes the con-
vention a* = (a” + a*)/+/2, and the light front four-vector
thus is a* = (a",a",a,). Other variables used are
Pt = (p'" + p*)/2, A* = p' — p#, t = A? and skewness
variable £ = —AT/(2P"). At leading twist, there are five
GPDs that enter the decomposition of Vs 4 [15]:

pA). (1)

(e-n)(¢'-P)+(¢'-n)(e-P)

Vaaxgo)=—("-e)H, + P H,
e,
M k
+(e-n)(e -P)];ie*-n)(e-P)H4
+{M2<€.(YLP).(6’:;"1)+%(€/*'6)}H5' (2)

The polarization vector € = ¢*(p, A) and €’ = ¢ (p', A).
Parity and time reversal invariance then lead to [15,17]

Vaalx & 1) = (_I)AI_AV-A/,-A()C’ 1), (3)

Vaax &) = (D) AVy a(x, —E1). 4)

Using Eq. (3), five V y/ ’s are independent, e.g., V9, Vo 1,
Vio» Vig, and Vi _y.

In the following, we will limit our study of the GPDs to a
special kinematic limit £ — 0. Note that in the light front
overlap representation, only the Dokshitzer-Gribov-
Lipatov-Altarelli-Parisi (DGLAP) region |x| > |£| is acces-
sible in the gg Fock-state truncation. Yet fortunately, the
GPDs at zero skewness already give rise to many interest-
ing quantities such as the IPD GPDs, and the electromag-
netic and gravitational form factors. In this case, V; and
V1o are related to Eq. (4). In the end, there are four
independent V / 5’s left at zero skewness, which will be
taken as Vo, Vo1, Vi1, and V;_; in the following. To
reverse Eq. (2), one can take a specific Breit frame
(p +p’ = 0) in which the four-vectors are [23,42]

n* = (0,v/2,0,0) (5)
A =(0,0,|A_.],0), (6)
p= (L ) )
p’”—(M“i/;T,M”i/%LT,m;',O), (8)

with 7 = A3 /(4M?), and the polarization vector reads as

Ul Ial
Hp,A==x1)=F—=1|0,- J,x0), (9
e(ph=21) =¥ (0.-2L1si). 9

1 A
e”(p’,A’:il)::F—<0 A, ,l,j:i>, (10)

V2 \ " V2pt
L(p" -M>+A7/4 |A,| >
(p, A=0)=—| —, ,— L0, 11
(rr=0) =5 (L B (1)
+ _A2 2
€l‘(p/,A/:0):i<p_, M+AJ_/4,|AJ_|’O> (12)
M\V2' V2p* 2

Reversing Eq. (2) yields

1
Hy==[Voo—2(t = 1)V, +2V21V o+ 2V, ], (13)

3
Hy=2V, ———v (14)
2 — 1,1 \/27 1,0»
Vi
H,=——", 15
=0 (15)
H, =0, (16)
Hs=Voo—(1+20)Vy; + 2\/2_1"/1,0 -Vio, (17)
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with the abbreviation H; = H,(x,0,1)
VA’A,/\(-X’ 0, t)

The light front overlap representation of correlation
function Vo can be obtained using the Fock state
expansion of the meson state and canonical expansion of
the (anti)quark field. Its final form reads [5,23] as

/ Phr g,

and VA’,A =

Vaa(x,0,tp00) = kT)ch Jg (x, kT)

(18)

with k7 = ky + (1 —x) % and ky =k — (1 — x) 4% The
<I>fq g (x,kr) is the LFWF of the gg component of the
vector meson.

To proceed, we take the p*, J/yw and ¥ LF-LFWFs
obtained with the DS-BSE approach [40,41]. To be more
specific, we first numerically solve the quark propagator
S(p) and vector meson Bethe-Salpeter amplitudes I', (k, P)
in the rainbow-ladder truncation. Then, using the projection

formula
/ dk~ dk+ Pt —kH)
2V3

X Tr[Co ay T 2™ (k. P) - e (P)], (19)

(I)AA’('X kT

the covariant Bethe-Salpeter (BS) wave functions are
projected onto the light front and the LF-LFWFs are
obtained. Here the y) (k,P) = S(k+nP)I') (k,P)S(k —
(1 —n)P) and the ¢, (P) is the meson polarization vector.
Thel', + =I+ysand T, . = F(y' F iy?) correspond to
different quark-antiquark helicity configurations. The trace
is taken over Dirac, color, and flavor spaces. The obtained
LF-LFWFs well produced diffractive electroproduction
vector meson data at HERA within the color dipole picture
[40], and yield novel results on vector meson transverse
momentum dependent parton distributions that are sensitive
to higher orbital angular momentum [41].

Since Eq. (18) has taken the leading Fock-state trunca-
tion, the BSEs-based LF-LFWFs are further rescaled to
satisfy the normalization condition

dk A

0

I= k)P (20)

with @\ = N, @250 and @4 ") = N,®A5E!. This

ensures the quark number sum rule for vector mesons with
A =0, %1 respectively

Adfo() /deA,\(xOO)—l (21)

where the f (x) is the collinear distribution of unpolarized
quark in a vector meson with helicity A.

At this stage, it seems straightforward to calculate the H;
(i=1, 2, 3,5) of vector mesons using Eqgs. (13)—(18).
However, as we have noticed, there are two sources of zero-
mode contributions encountered in the literature regarding
the vector meson GPDs. The first one is found in the
calculation of vector meson EMFF with the triangle diagram
using bare photon-quark vertex y* [42,43]. The authors
demonstrated with explicit calculation that (7)) =
f dxVyo(x,0,1) in the front form receives nonvalence
contribution, which is referred to as the zero-mode con-
tribution since it originates in the nonvalence region which
shrinks to zero in the limit p™ — p’*, or namely A™ — 0.1In
terms of GPD, this suggests that there is a nontrivial
Efremov-Radyushkin-Brodsky-Lepage (ERBL) region
[44,45] contribution in Vo (x, 0, 7), which does not vanish
in the limit £ — 0, but rather yields a finite contribution
when integrated over x. Analytically, this property can be
realized with an ansatz as V{,(x,0,1) = Vo(x,0,1)+
F(1)8(x), where the second term mimics the zero-mode
modification. It should be emphasized that V »’s with
helicity configurations A # 0or A’ # 0 are free of such zero-
mode contributions [42].

On the other hand, a NJL model calculation of GPD
using the triangle diagram shows that a zero-mode con-
tribution could also arise when the bare photon-quark
vertex gets fully dressed, i.e., from y* to I'*. The I'* can
be obtained by solving the inhomogeneous Bethe-Salpeter
equation, with y# its inhomogeneous bare driving term. In
the Appendix of [46], the zero-mode contribution is
analytically shown to be proportional to §(x), which serves
as a hidden ERBL region and contributes nontrivially when
integrated over x. This zero-mode contribution originates
from the dressing of the photon-quark vertex, so it is
independent of the type of hadron or its polarization.
Therefore all the V 5+ should receive such contribution,
which is unlike the first kind of zero mode. Summarizing
all these considerations, we eventually propose an ansatz
for the modified GPDs:

VIM

M(x0,0) = VM (x,0.1) + SpodnoF u (1)5(x)

N 1
HOE() [ V.00, (22)

The third term on the right-hand side corresponds to the
second kind of zero-mode contribution. The M here
denotes the meson dependence. As the SU(3) NJL model
deals with light quarks, it only provides F p(t),l SO we
assume F;/,, (1) = Fy(t) ~ 0. This is physically reasonable
in the sense that the dressing effect in a heavy-quark-photon

"The expression of F,(z) can be found in Eq. (B13) of the

Appendix of [46].
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vertex is more suppressed than in a light-quark-photon
vertex. As for the Fy;(t), we will determine it using the so-
called angular momentum condition [43,47], which will be
addressed in connection with the EMFFs of vector mesons
later. In the following, we will use V to refer to the modified
V' in Eq. (22) for convenience.

Finally, it should be remarked that the zero-mode
contributions introduced above are related to higher
Fock states. This was clear in Refs. [42,43] for the triangle
diagram with bare electromagnetic vertex, where the zero-
mode contribution of first kind is the limit of a higher Fock
state diagram, namely the nonvalence contribution, in a
special kinematic. Such contributions can be easily missed
if a naive light front Hamiltonian is used. One may also see
this connection from the viewpoint of the GPD overlap
representation: it is known that the DGLAP region takes
overlap between Fock states with the same number of
constituents, while the ERBL region takes overlap between
lower and higher Fock states [5]. These zero-mode con-
tributions both live in the ERBL region and hence are
related to the higher Fock states.

III. DENSITY DISTRIBUTION
AND FORM FACTORS

Aligning Egs. (13)-(18) and (22), we can calculate all
the unpolarized GPDs at zero skewness. Next we utilize
these GPDs to explore various properties of the vector
meson, including the three-dimensional parton distribution
and electromagnetic and gravitational form factors.

A. Impact parameter dependent parton distribution
function of vector mesons

It is well known that the GPDs encode the density
distribution of quarks within hadrons in a joint space of
longitudinal momentum and transverse spatial coordinate
[3.4]. In the case of pion and nucleon, which are spin-0 and
—1/2 respectively, it has been shown that the Fourier
transform of unpolarized GPD H(x,& = 0,1) gives rise to
the unpolarized GPD in the impact parameter space (IPD
GPD) [4], i.e.,

d*A | 2\ amib, A
p(xabJ):/WH(x’O’_AL)e R (23)

which has the physical meaning of density distribution of
unpolarized quarks within unpolarized hadron in the x — b7
space. We recall that the unpolarized impact parameter
dependent PDF was originally defined as [4]

palxb)=(P".R, :OJ_vA|©q(vaJ_)|P+’RJ_ =0.,A),
(24)

with the operator

pulz.b’ ) fm?)

02

2 203 9§ 02
Bm) o T g 0s0¢ 05 04

FIG. 1. The IPD GPD p(x,b%) (left column) and p(x,b?%)
(right column) defined in Eq. (27) for p (top row), J/y (middle
row), and Y (bottom row), respectively.

o dz™ - ra Dt
Oq(x’bj_> :/Eq (—?,bJ_)y""q(?,bJ_) ele Z (25)
~NDb'(xP*,b,)b(xP*,b)) (26)

characterizing the probability density of unpolarized
quark at x and b,. Here the hadron state is localized
at the origin of the transverse center of momentum, i.e.,
R, =) ,xr,;=0. The A in Eq. (24) indicates the
helicity of the hadron. For the nucleon, the A = 1/2 or
—1/2 yield the same p,(x,b, ); hence the A dependence
can be dropped, and Eq. (24) leads to Eq. (27) [4].
Analogously, the Fourier transform of V|, and V; ; can
be interpreted as the unpolarized quark distribution inside
helicity-0 and -1 vector mesons respectively, i.e.,

LA

(27)?

One also finds p_; (x,b% ) = p; (x, b3 ) according to Eq. (3).
In Fig. 1, we show the p,(x,b2) for p, J/y, and Y.
Comparing the rows, one can see that in heavier mesons,
the quark distributions are more localized around x = 0.5
and small by, indicating that the heavy quarks tend to carry

P B?) = / ALy, (1,0.-A2).  (27)

The zero-mode contribution is not taken into account in
calculating the p, (x,b?% ), as it is essentially in the ERBL region
and cannot yield the probability density interpretation.
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FIG. 2. The sptial distribution of valence quarks of vector
mesons. The pf)o) (b%) of p, J/w, and Y are displayed in green
solid, blue dotted, and red dot-dot-dashed curves, and the
p<10> (b2 )’s are displayed in orange dashed, purple dot-dash-
dashed, and cyan dot-dashed curves.

half of the meson’s longitudinal momentum and are
spatially more centered. On the other hand, the py(x,b?)
and p; (x,b?%) are a bit different by comparing the columns.
To make it more transparent, we integrate over x and look
into the spatial distribution

1
P2 = / dxpy(x.B2). (28)

0

which is displayed in Fig. 2. We notice that the unpolarized
quarks are generally more broadly distributed in b in the
helicity-1 meson than in the helicity-0 case. An underlying
reason is that the helicity-1 meson host components that
have higher orbital angular momentum in the z direction.
For instance, at gg Fock-state truncation, the helicity-1
meson LF-LFWFs contain up to d wave components while
in the helicity-0 meson there are only s- and p-wave
components [40,41]. For the same reason, the difference
between pg(x,b2) and p,(x,b%) significantly reduces in
J/w and Y, as p- and d-wave components are much more
suppressed in heavy mesons.

Finally we recall that the corresponding collinear unpo-
larized parton distribution functions of vector mesons have
been reported in [41], along with their transverse momen-
tum dependent distributions. Therein we have determined
the renormalization scale of our PDFs to be y =~ 670 MeV,
2.6 GeV, and 8.6 GeV for p, J/y, and Y respectively. They
should be considered to be the scale of our calculated GPDs
herein as well.

B. Electromagnetic form factors of vector mesons

Historically, the EMFFs are early and important tools to
study the internal structure of hadrons. They enter the
decomposition of the correlation function of the current
operator as

0.0}
-0.1}f
= -02
<
o
-03
~04
05k A A A A
0.0 0.5 1.0 15 2.0

-t (GeV?)

FIG.3. The zero-mode contribution F, (1) (black solid), F'; (1)
(blue dashed), and F'y(¢) (purple dotted) determined with angular
momentum condition Eq. (31).

(', N (0)yty(0)|p, A)
[eT (- P)+€*F(e- P)]

Gup=—ro
NA T o pr

= (" )F (1) + = Fa(1)
_2(€'P)n(1¢1:3(t)_ (29)

P

Comparing Egs. (1), (2), and (29), one finds the EMFFs are
the first Mellin moments of the GPDs, i.e.,

(1) = {f_‘l dxH?(x,& 1), i=12.3
0, i=4.5.

F4

i (30)
Note that Eq. (30) holds for general £ values, including the
special case £ — 0 we take in this work. At this stage, one
can resort to Egs. (13)-(15) and obtain the EMFFs.
However, the Fy(¢) in Eq. (22) is not determined yet.
Here, we determine F(¢) using the angular momentum
condition

(14+20)Gy; + Gy _y —V8tG1y— Gyp =0. (31)
This condition had been noticed in the study of vector meson
EMFFs, and physically it originates in angular momentum
conservation [43,47]. It comes about as there are only three
independent F;’s in Eq. (29); hence the four G, 5/’s (with
different A and A’) must be linearly dependent. It is
equivalent to Fi(r) = [!, dxHs(x,0,7) = 0 of Eq. (30),
given Eq. (17) and Gpn = [) dxV, o/(x,0,1). Here we
remark that the modification term F,(¢) in Eq. (22), which is
associated with the second kind of zero mode, only brings an
overall multiplicative factor 1 + F,(¢) to the left-hand side
of Eq. (31), hence cannot fix the angular momentum
condition. While the F)(¢) in Eq. (22) adds an inhomo-
geneous term to the left-hand side of Eq. (31), it is
indispensable to fix the issue. In Fig. 3 we plot the F (1),

074009-5
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Ge(t) / Gu(t) / Golt)

0.0 0.5 1.0 1.5 2.0

FIG. 4. The EMFFs of p. Our calculated G(t), Gy(t), and
Go(1) are displayed in green solid, red dotted, and blue dot-dot-
dashed curves. The fully covariant Bethe-Salpter approach with
the Maris-Tandy model gives the orange dashed, cyan dot-
dashed, and purple dot-dash-dashed curves, respectively [38].

Fy,,(t), and Fy() determined from Eq. (31). We notice
they are significantly suppressed in the heavy sector. With
the angular momentum condition respected, different pre-
scriptions for EMFFs, such as the Grach and Kondratyuk
[47] and Brodsky and Hiller [48] prescriptions, are now
equivalent and free of theoretical ambiguity.

The charge, magnetic, and quadrupole form factors of
vector mesons are related to the form factors F; by

Ge(r) = <1 —|—§T>Fl([) +§TF2(I) —I—%T(l + 7)F5(1)
(32)
Gy(t) = —F,(1) (33)

Go(t) = Fi(t) + Fo(t) + (1 4+ 1) F5(1). (34)

We plot them for p, J/y, and T in Figs. 4-6, respectively.
Since the J/w and Y are electric neutral, their results only
take the valence quark contribution to EMFFs into account,
as was done in [23,39]. We also supplement with the fully
covariant DS-BSE calculation on p and J/w EMFFs in the
plots for comparison [38,39]. From Fig. 4 we can see that
for the light meson p, the two approaches yield results that
are somewhat different. This is mainly due to the leading
Fock-state truncation we impose, while for heavier meson
J/w, the agreement is much better and extends into the high
Q? region, suggesting the leading Fock-state truncation to
be more valid in heavy mesons.

From the plots we extract the charge radius (r?), the
magnetic moment y, and the quadrupole moment Q of the
vector mesons, which are defined as

() =6-G.(1)] . (35)

Ge(t) / Gu(t) / Galt)

FIG. 5. The EMFFs of J/. Our calculated G¢(t), Gy (t), and
Gy (1) are displayed in green solid, red dotted, and blue dot-dot-
dashed curves. The fully covariant Bethe-Salpter approach with
the Maris-Tandy model gives the orange dashed, cyan dot-
dashed, and purple dot-dash-dashed curves, respectively [39].

p=Gu(0) x5 (36)
0 = Gy(0) xmizv. (37)

Our calculated values are listed in the first three columns of
Table I, with subscript LFBS referring to a combined effort
of light front approach and the Bethe-Salpeter approach.
Our p charge radius is smaller than the full Bethe-Salpeter
equation and lattice calculation, but larger than other light
front approach results [49,50]. If we remove the modifi-
cation term associated with F w in Eq. (22), our result
would be close to theirs. Similar to [49,50], our p magnetic
and quadrupole moments are generally larger in magnitude
than the full BSE calculation, but somehow closer to the
lattice prediction [51]. Meanwhile, there is better agree-
ment between LFBS, full BSE, and lattice calculations on

20F

-
-
e

N
[¢,]

Ge(t) 1 Gu(t) / Golt)

-
-~
-~
-
-
.....
-
-
-~
L

o
o

I
=}

FIG. 6. The G¢(1), Gy (1), and Gy(t) for YT displayed in green
solid, red dotted, and blue dot-dot-dashed curves.
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TABLE L

The charge radius and magnetic multipole moments of vector mesons. Our results are in the first three columns. The lattice
simulation for p meson is performed at p mass of 793 MeV [51].

puees  J/Wirss  Yiess  pes [38]1  J/wes [38]1  prpi [49]  pire (431 pues [S0] pro [S11 J/wiy [52]
/[P, (fm) 066 021 0.11 0.74 0.23 0.52 o 0.48 0.81943)  0.257(4)
U X 2my 2.21 2.06 2.02 2.01 2.13 2.10 1.92 2.15 2.209(82) 2.10(3)
0 x m%, -0.76 -0.36 —0.31 —-0.41 —0.28(1) —0.898 —-0.43 —0.886 —0.733(99) —0.23(2)
J/w. We also notice a monotonic decrease in the magnitude Tﬂy = TZD + sz, (38)
of (r?), u, and Q from p to J/y and eventually Y. | )
<~ <~ 1<
T"z—'( iD, + iD) - -<— —m) ,
C. Gravitational form factors of vector mesons " 4%7 Tute IS W = ¥ 2l) Va
The GFFs are defined as the form factors in the (39)
decomposition of the energy-momentum tensor of QCD, |
ie., (p/.N|T,(0)|p.A). At present, there are different 9, = F,,Fo, +— glea,pi F*,, (40)
definitions of the QCD’s energy-momentum tensor (EMT) 4
operator 7. The Belinfante-Rosenfeld EMT, for instance, e L - .
is symmetric in g and v [53,54], and the canonical EMT or with D, = (9, — 9,) — 2igt*Aj and F*,, = 9,A] — 9, A] +

the gauge-invariant kinetic EMT [26,55] are not. Here we
take the Belinfante-Rosenfeld EMT, which reads as
|

g f”bCAZAg, whose decomposition has thus only symmetric
terms [25,26,56-58], i.e.,

(0 NIT ). 8) = 28,p, | ()61 ()~ B2 60| L a8, — 820, | (ee)200 - BT 12D g,
P (86) =) (A ))G(1) + 384, (e (86) + 61y (")) — €y 4% = g, (A (A)G 0,

where A, B,

(41)

= (A,B,—A,B,)/2and Ay,B,, = (A,B, + A,B,)/2. The notation for GFFs here follows that in [26], and its

equivalence to other notations is summarized in [25]. More generally, the quark or gluon EMT does not have to be
conserved separately, so it has three additional symmetric tensor structures [26]:

(Ae™)(A€)

(p".N|T}, )==2P,P,|("€)Gi(1)

+Ppulery (Ae) —e,y (Ae™))G5 (1)

3 A1 (8e) + (")) — ey A2

(Ae”)(Ae)
2m 2

— g (A€7)(Ae)]Gg (1)

1
- AyAz/ - Azg;w) (6/

5 )4 (1) - Gi()

e mBOH0) + gumB(E )G0) + 50,0 (A" (IG5 ). (42)

The superscript a could be either quark or gluon. Given
that T, (0) = >, T}, (0), one has G;(t) = >, G{(t). Owing
to the leading Fock-state truncation we employ, the gluon
EMT form factors (FFs) vanish. Consequently the quark
contribution G,i € {7,8,9} vanishes as >, G¢(t) =0,
i€{7,8,9}.

In experiment, the GFFs are not directly measurable,
but rather connected with the GPDs. Comparing their
definitions, the quark GFFs can be generally connected
with the second Mellin moments of the unpolarized quark
GPDs [25,26,57,58]

[

/_: dxx [H‘f(x, 1) — %Hg(x, , z)} = Gi(1) + £G1(1),
(43)
/_i dxxHi(x, & 1) = GL(1), (44)

[:MwHﬂxaﬁzgﬂﬂ+¥%U) (45)
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FIG. 7. Our calculated gravitational form factors G; (blue

dotted), G, (red dashed), G5 (green solid), and Gy (gray dot-
dashed) of p displayed in curves. The colored bands are
enveloped by the NJL model [59] and LFCQM [60]. At
t ~0 GeV?, from top to bottom, these bands correspond to Gs,
G, G, and G, respectively. Among them, the NJL model yields
the upper boundaries of G5 and G,, and the lower boundaries of
g2 and gé.

/ 1 dxxHi(x, & 1) = EGL(1), (46)

-1

/ldxxHq(x E1) = 1 2(1) +1gq(f) (47)
. 5\ %o 4M2 6 2 7 :

Since our calculated GPDs are limited to zero skewness and
G4 = 0 as mentioned above, four GFFs, e.g., the G{, G, G,
and G7 can be extracted. In Figs. 7-9, we display them for
p, J/w, and T, respectively. In Fig. 7, we display our
calculated p GFFs as curves, while the colored bands are
enveloped by results from the NJL model [59] and light
front constituent quark model (LFCQM) model [60]. We
only show results up to 2 GeV?, as the high-f region should
be dominated by LF-LFWFs before the rescaling procedure

2
Theen. ..
e
a 0
-1 ——" —-—"" :
=" -
- - - -
-
R
2} .-
z, . . . . .
2 4 6 8 10 12
-t (GeV?)
FIG. 8. The gravitational form factors G; (blue dotted), G, (red

dashed), G5 (green solid), and G (gray dot-dashed) of J /.

......
.......
........
.......

-2 '_—r—'—:-—-_—:— M M M b
2 4 6 8 10 12
-t (GeV?)

FIG. 9. The gravitational form factors G, (blue dotted), G, (red
dashed), Gs (green solid), and G (gray dot-dashed) of Y.

in Eq. (20) [61]. With the momentum sum rule G, (0) = 1
and angular momentum sum rule [58] G5(0) = 2 automati-
cally hold, our results are generally closer to the NJL model
prediction, in particular regarding the sign of the g4(1).
However, our g (1) is significantly larger in magnitude, i.e.,
it is twice that of the NJL. model at the origin. For the heavy
mesons, we predict their GFFs up to 12 GeV?, as displayed
in Figs. 8 and 9. From these GFFs, one can extract the light
front mass radii of vector mesons through [59]

. 1 1
<’%_>LC = AIFEO - P—+ViL |:2Pﬁ (p'. A|ITT(0)|p, A) A+—0:|
(48)
_,dGi(r) 12 2 1 _1
=990 L1260 26,0~ L640)- 10|
(49)

We find /(r? ){ = 0.30 fm, which is comparable to the
NJL model result 0.32 fm [59] and LFQCM model result

041 fm [60]. We also find /(2 )Y =0.151 fm and

\/ (r3) . = 0.087 fm, showing the heavy mesons are

spatially more compact in energy distribution. We notice
these values are almost identical to what we found for

pseudoscalar mesons, i.e., +/{r7)/< =0.150 fm and

V(P51 = 0.089 fm, with the exactly same DS-BSEs
interaction models [62].

IV. SUMMARY

The GPDs of light and heavy vector mesons, i.e., the p,
J/w, and Y, at zero skewness are investigated with
a combined effort from the light front and Dyson-
Schwinger equations (DSEs) framework. Potential zero-
mode contributions are considered, and the light front

074009-8
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overlap representation is revised with an ansatz, e.g.,
Eq. (22). Vector meson LF-LFWFs determined from the
DS-BSE approach are then employed to study the GPDs.

As collinear parton distributions had been reported
in [41], in this work we focus on the three-dimensional
distribution IPD GPD. We show that the valence quark
distributions are spatially broader in transversely polarized
vector mesons (JA| = 1) than in longitudinal mesons
(A =0). We argue this is because there are more Fock
components with higher orbital angular momentum in
transversely polarized mesons. This is supported by our
further finding that the difference between p, and p; is
significantly reduced in heavy mesons, which are s-wave
dominated systems.

We then investigate the EMFFs of the vector mesons. In
addition to the F,(¢) term, which gains evidence from
earlier studies [42,43], the other zero-mode contribution
associated with F, (1) arises from the dressing of the quark-
photon vertex and softens the EMFFs. Namely, it makes the
EMFFs decrease faster and yields a larger charge radius.
Before the introduction of GPDs, such contribution was
intuitively interpreted as the form factor of a partonlike
quark inside a constituent quark [63]. By comparing the

obtained p and J/y EMFFs with a fully covariant DS-BSE
calculation [38,39], we notice the agreement gets much
improved from p to J/w. We therefore consider the
deviation resides in the leading Fock-state truncation,
which works much better for heavy systems.

The gravitational form factors of the vector mesons are
finally studied. As the second Mellin moments of GPDs,
the GFFs receive no contribution from the zero mode,
which is different from the EMFFs. In the leading Fock-
state approximation, the GFFs come solely from the
quarks, and certain GFFs can be extracted. Our p GFFs
are shown in Fig. 7 and compared with the NJL model and
LFCQM predictions. We also predict the GFFs for J/y and
T, which had not been reported in the literature before.
Based on the experience from EMFFs, we believe they
should be very close to a fully covariant calculation, which
remains to be checked by DS-BSEs or other models in the
future.
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